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A simple, accurate. computerized technique has been developed, and experimentally 
verified, t o  compute, print, plot and draw a curve of the residual stress distri- 
bution in two orthogonal directions of an isotropic or orthotropic structure. 

, 

Strain gage measurements are made on the two opposite surfaces of' an element 
before and arter being cut from the structure, and linear stresses are computed 
fromthe values of the released strains. The non-linear residual stress distri- 
bution across the element is determined by removing layers of material from one 
side. Thickness and strain readings are taken before and after removal of each 
layer. These data plus Poisson's ratios and the elastic, moduli in two orthogonal 
dirertions become the input to the Fortran IV program, which computes, tabulates, 
plots and draws a curve of the linear and non-linear residual stresses. 

The required minimum length and width of the specimen in relation to the thickness 
has been experimentally determined. 

A literature survey of the various techniquee which have been used in the past 
t o  determine residual stresses is included with comments as Lo their advantwes 
and disadvantages, 
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PREFACE 

Residual s t r e s s e s  have long been suspected as being one of t h e  f a c t o r s  influent- 

ing.premature failure of some s t r u c t u r a l  elements. 

It the re fo re  becomes mandatory f o r  t h e  s t r u c t u r a l  engineer t o  know t he  magnitude 
of these  stresses. 

This document has  been w r i t t e n  to o u t l i n e  a simple, accurate ,  computerized 
technique which has been developed t o  determine and d isp lay  t h e  r e s idua l  s t r e s s e s  

i n  t w o  orthogonal d i rec t ion6  of an i s o t r o p i c  o r  or thot ropic  s t r u c t u r e .  
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i l l  
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i . L  

Ftcsiduni 8 t r e s s e s  nay LIP i.1 ass,i'ied 11s I i n ea r  and non-linear.  Linear 

residusL strelR?s arc' the r e s u ! t  of rncr~ent and!'or a x i a l  load applied t o  an 
el-ement of' B s t r u z t u r e  by i t s  m,jac*.I : t  @I-ements. An example of t k i s  trype 

af residual.. s t r e s s  is a flat sheet wLich is e l a s t i c a l l y  deformed i n  t h e  

p r w e s s  of assembiy t c  Si: nr.uula circ:l?ar frames thus inducing a l i n e a r  

residual stress i n  Tlte s ineet  wi-,ieh i s  due t o  moment. Non-linear r e s idua l  
stresses are t n e  strcsscs.which e x i s t  Ln a n  element a f t e r  i t  h a s  been re- 

m e 8  cncl Sagses of' i ' e s idua i  3,I't:sses --------- 

moved Zrom i '-6 ad, i r \cwt  ~-i.C'n.ents. Since t h o  clement i s  i n  equilibrium, 

the sua of the: :'cri-C.:, :ma ria'rrents at u:iy ?i'cjSs-secticn are equaL to zero. 
The stress n i s t r i n u t i , ~ n  I L C T O S S  k e  ~91ccr ion i s  characterizes by t h e  f ac t  

t h a t  i t  is nm-i!.rir.nr. 1 . c . .  it i r c s  ns: vary imifcrmly from one surface 

t o  the ozher s1irfsr:e. An cxwpLe of L ~ I S  xype of residual. s t r e s s  i s  t h a t  

w h i c n  is imrcaiiced i n t o  n :,fir when i c  .i6 b e n t  beyond t h e  proport ional  L i m i t  

and subsequent l y  released. i4elding. s t  c.t-;.e:wing and r o l l i n g  of' metall'ic 

m a t e r i u s  w i . . i .  i r , t r n j u c t  non- Lincar- r e s  Ldutil.. s t r e s s e s .  Curing of therm- 
setting p!astica, : I U C ~ I  R:: res i m n r t ~ i p ~ r . ~  refrnsil or  f iberglass a r e  A L S O  

causes c 3 ~ '  rwn- l inea r  rr:s ;(iuhl :it r'es;Gt:s. The residuR1 stresses discussed by 

t h e  authors  i n  tiris rc.2ur-t art: AFjGLlited tc rje b i a x i a l ,  i . e . ,  i n  t h e  x and y 

ciirections Fara.  l e 1  :,.J t i i t "  sui'i tice ot ;!le s t r u c t u r e .  Tne s t r e s s e s  riormal 

t o  the sur face  a rc  €iSjCUi iEf i  t o  be ne,qiifi~ii?te. 

The cxperimentaL ttxr;r:ir,uc~ a s e d  t o  d e t c m i n e  t h e  Linear r e s j  dual  streoses 



u t i l i z e s  two, two-element, L-ty-pe, s t r a i n  gages i n  each area  where t h e  
r e s idua l  s t r e s s e s  a r e  t o  be found. 

ernd t h e  o ther  gage is mounted on t h e  bottom surface,  i.e., t he  gages a r e  
back t o  back. 
c i p a l  s t r e s s e g  which a r e  assumed t o  be known. 
connecting them t o  a s u i t a b l e  recorder,  a zero reading i s  taken. 
a r e  then disconnected from the  recorder and t h e  element (specimen), which 
is assumed i n  t h i s  repor t  t o  be a r e l a t i v e l y  f l a t  p1e-m of constant th fckness , i s  

One gage i s  mounted on t h e  top  surface 

The gage elements a r e  mounted i n  t h e  d i r ec t ion  of t he  pr in-  

a f t e r  mounting t h e  gages and 

The gages 

cut from t h e  s t r u c t u r e .  The gages a r e  again connected t o  t h e  recorder and 

t h e  s t r a i n s  are measured. The re leased strains w i l l  be t h e  readings a f t e r  

t h e  cut minus t h e  readings before t h e  cut .  'Hhe l i n e a r  s t r a i n  which exis ted 
i n  the  s t r u c t u r a l  element before the  cut w i l l  be t h e  released s t r a i n  w i t h  

t h e  s ign  changed. The m a x i m u m  l i n e a r  s t r e s s e s  and s t r a i n s  will be  on t h e  
surface and t h e  s t r e s s e s  may be obtained from t h e  s t r a i n s  by using Equations 

2-9 and 2-19 given i n  Paragraph 2. Equations 2-7 and 2-8 given i n  Paragraph 

2 are f o r  t h e  l i n e a r  r e s idua l  s t r e s s e s  a t  o ther  po in ts  between t h e  slarfaces 

f o r  use i n  t h e  Fortran N program which i s  described i n  Paragraph 5 .  

1.2.2 Determination of Ron-Linear Residual S t resses  

After determining t h e  l i n e a r  r e s idua l  s t r e s s e s ,  t h e  next s t ep  is  t o  determine 

t h e  non-linear r e s idua l  s t r e s s e s  which s t i l l  remain i n  t h e  element. The 

experimental technique used t o  determine these  strersses i s  now described. 

Only one ole t h e  two element strain gages previously i n s t d l e d  will be used 

f o r  measuring strains, i . e . ,  t h e  one on t h e  t o p  o r  t h e  bottom surface.  The 

concept is t o  measure t h e  change i n  s t r a i n s  on the  t op  or bottom surface due 

t o  removal of l a y e r s  of ma te r i a l  from t h e  opposite suxface. Before and after 
t e r i a l  is  removed, t h e  s tra in  on t h e  opposite surface i s  measured 

Equakiofle 3-35 through 3-44, and a l s o  t h e  remainlw thickness  of t h e  element. 
shown i n  Paragraph 3, use t h i s  da ta  t o  determine the  o r i g i n a l  non-linear re-  

s idua l  s trees  which ex i s t ed  i n  each layer before it o r  ssny prcvioua l aye r s  

were removed. A complete development of the e ionka fs given i n  Paragraph 3. 

1.2.3 For t ran  IV Residual Stress Progrann 

The? Fortran Tv Progrm described in Paragraph 5 solves  %he equwtiona shown 
i n  h r a g s a p h s  2, 3 and 4. The prin-bout consiste of l i n e  r e s i d u a  s t r e s s e s  

n 



i n  t h e  x and y u1reot:hir.s 5'r;m t h e  equations of Paragraph 2, t h e  non-linetir 
resi.du,ai s t r e s s e s  ir, t h c  x and y d i r e c t i m s  -.Prom t h e  equations of Paragraph 
2 and  t h e  t o t n i  residua: stresses frclrn t h e  equations of Paragraph 4. 
desired, t h e  output  inebur les  14 t ape  for use on t h e  SC-4020 machine t o  provide 
an automatic p;ot ~ f '  the tabula ted  da ta .  

If 

L.2.4 Fie:ncn!. S i ze  i n  Relation t o  Zliickness 

The ~ C P ~ G  des:riocd in faraqrapti 6 were made t a  determine t h e  minimum length 
ax!  w i i t t ,  ~JI' tile c,c-nent ( s r  specimen) i n  rei-ation t o  i t s  thickness .  which, 
when mi: Zrm a s t n l c t i u - e ,  can nu used t o  Getermine t h e  non-linear r e s idua l  

" r - b w  "1) ecsi-f; , 1% i :hs :c,iArid tt.nt trie r e s idua i  stresses a t  a parti .cular cross- 
t.ecr1c11 L c , r i r i  t? d r > >  when t t , u t  u s ~ s s - s e c t i o n  i s  c lose r  t o  an edge than 

ti-c th ickr i r - ss  of' t r l e  s~ec i r r e r , .  It i s  obvious that t h e  r e s i d u a l  stress will 
cmxx.e zero a t  +,he ec.qe of s9ecime:i. Therefore, t o  determine t h e  non- 

iinear res14:i:t~ s t r e s s  b,v wnns  0:' 3n e?ernent cut from 8 s t ruc tu re .  t h e  
clernent Lenzth arid w i u t h  should be R t  Least t w i c e  t h e  element thickness  
p l ~ s  the uage ler,cqti! c~f' t ! ~ c  simin cape. 

_I_- 

., L.2,5; F.xperl-e:-,+til . t:rJ *:ccL,tlny, 

The t e s t s  describtxi in Partigraph 7 ~ ' e r e  made t o  check,  e q e r i m e n t a l l y .  t h e  

val-idity 0:' ti;? e q u a t i ~ n s  i n  P u ~ q r a p i i s  2 ,  ? and L and also the  For t ran  IV 
proc;rm described in Prirnprtiprr 5 .  The cxperiniental results snow excellen2 
a,zreenent xitn the a n a l y t i c a l l y  d e t e r m i n e d  vaLues, 

-- - _I_ --*--- 

1 . 3  p - p i z R L  IJsr-s cf t h e  Prorrram 

The aeve iqment  work describexi i n  t n  i s report  has s impl i f ied  and mechanized 

-.--.------ 

the determination of t h e  r e s idua l  s t ~ e s s e s  ta such an extent  t h a t  only a 
minimu? amount of lacora tory  .dG??i< on6 tcchniclan t i m e  i s  required t o  obtain 

tabula ted  and /o r  grapn.Lcnlly flFsplnyed da ta .  

The Frocedwe has been used t o  determine t h e  biaxia.1 r e s idua l  stress d i s t r i -  

but ion due t o  curing at var ious  s ec t ions  along t h e  length of t h e  r e f r a s i l  

l i n e r  of f i  rocket aotor ficiez'lc. 

imately .5" t o  .L". 

s i de  and in s ide  sur face  at var ious s t a t i o n s  along t h e  length of four d i f f e ren t  

T'ne ref'rssil th ickness  var ied 'from approx- 

First a twc-element s t r a i n  gage was i n s t a l l e d  on t h e  0c.t- 

3 



nozzles which had had d i f f e r e n t  cure cycles ,  

3 inches wide, which included a11 t h e  Gt ra in  gages, was then cut from 
each nozzle.  
s t r i p .  These readings were recorded on t h e  load sheet f o r  l a t e r  use i n  

obtaining t h e  l i n e a r  r e s idua l  streGs due t o  moment plus  axial load. The 

s t r i p  was then cu t  i n t o  blocks about 3 inches long, each block having one 
s t r a i n  gage centered on i t s  top  and bottom surfaces .  The bottom gage was 
then removed s ince  n a t e r i a l  wouLd be removed from t h i s  s ide  and t h e  gage 
was no Longer needed. The mater ia l  was removed by an AB Buehler, Ltd .  

w e t  SeLt sander. A t o t a l  of 21 specimens were cut  from four  d i f f e r e n t  
nozzles. 

i n s t a l l i n g  t h e  s t r a i n  gages, 1 hour pe r  specimen f o r  t h e  grinding procedure 
including s t r a i n  gage readings and thickness  measurements, and approximately 
3 minutes t o t a l  computer time t o  obtain tabular and graphical  d i sp lay  of t h e  
r e s idua l  s t r e s s  d i s t r i b u t i o n  f o r  t h e  21 specimens. 

work has not been completed or published. 

A lengthwise s t r i p  about 

S t r a i n  gage readings were taken before and af ter  cu t t i ng  t h e  

The labora tory  time was approximately 2 hours per  specimen fo r  

' 

Jhxmentat ion of t h i s  

The procedure has a l so  been used t o  determine t h e  b i - ax ia l  r e s idua l  s t r e s s  

d i s t r i b u t i o n  a t  var ious sec t ions  along the  length  of ,104 inch th i ck  alum- 
inum a l l o y  weld seams. Layers were removed by mi l l ing  material from one 

s i d e  of t h e  specimens. This work i s  s t i l l  i n  progress,  

1 .4  Previous Exp er imental  Work 

A l a rge  amount of experimental work has been performed i n  t h e  a rea  of 

r e s idua l  s t r e s s  determination. 

i n t o  four separa te  groups. 

X-ray d i f f r a c t i o n  techniques, op t i ca l ,  and u l t r a son ic  methods; 

Most of t h i s  work can be roughly c l a s s i f i e d  

These cons i s t  of' material, removal procedures, 

1 .4 .1  Mater ia l  Removal Procedures 

The f i r s t  of these ,  t h e  ma te r i a l  removal procedure, is by f a r  t h e  most widely 

used. A c h a r a c t e r i s t i c  of t h i s  technique i s  t h e  removal of layers from B 

t es t  specimen by machining, grinding, etching, e t c . ,  Gtresses i n  each l aye r  

are  then  determined from measurement of t h e  dimensional changes experienced 

by t h e  parent  mater ia l .  A few of t h e  inves t iga to r s  who were i n s t m e n t a l  i n  

4 



t h e  development of t h e  theory  of t h e  layer  r*emoval method Were €iqn3, 
Saehs 4 and Rembowski T e 

Y.tsjor v a r i a t i o n s  i n  t h e  U 6 e  of t h i s  technique u s u a l l y ~ l i e  in t h e  manner i n  
which dimensional changes are determined, o r  material i s  removed. D i n 1  

i nd ica to r s  and a c i d  e tch ing  Were u t i l i z e d  by Waisman , while s t ra in  gages 

and chemical. removal were used by Dzmorcst and Leeser . 
were a lso used by Richards Mack HanslipL0, Greaves'' and Dsvidson , 
while Leafx3  explored a number of material removal and measurement tech- 

6 
7 S t r a i n  gages 

8 9 12 

niques . 

14 A v u i a t i o n  of t h e  layer removal process was suggested by Mathas . Basic- 
a l l y ,  h i s  method c o n s i s t s  of drilling a small h0l.e i n  a test speciman. By 

t h i s  operation, a p a r t i a l  e l a s t i c  spring back occurs i n  t h e  immediate 

v i c i n i t y  of t h e  hole, and residual. s t r e s s e s  at t h e  specimens sur face  can 
be  determined. Viis method has been used by Soete15, Palenno16 and 

R i p ~ i r b e l l i ' ~  

' and Tokarcik 

all of whom used s t r a i n  gages t o  determine dimensional changes, 
I it3 

who tipplied s t r e s s c o s t  t o  t a k e  the' required measurements. 

The major advantage of t h e  l a y e r  removal technique stems from the f a c t  t h a t  
it i s  gene ra l ly  e a s i e r  t o  apply, and more economical than any of t h e  o ther  
methods and it g ives  a complete p i c t u r e  of the  r e s i d u a l  s t r e s s  f i e l d .  
disadvantage l i e s  i n  i t s  des t ruc t ion  of t h e  t e s t  specimen. Furthermore, 

g rea t  ca re  must be exercised i n  its appl ica t ion ,  so as t o  minimize i n t r o -  

duction of new stresses during t h e  removal operation, and i n  the measurement 

of extremely minute dimensional changes. 

Major 

The ho le  drilling method i s  t h e  l e a s t  Bestruc-tive of t h e  ma te r i a l  removal 

techniques, and it permits the evaluation of t h e  r e s i d u a l  s t r e s s e s  a t  what 

i s  e s s e n t i a l l y  a po in t .  I However, it can genera l ly  be used t o  obta in  only 

those  s t r e s s e s  which occur a t  t h e  t es t  specimen's surface.  

1 * 4.2 

Another r e l a t i v e l y  widely used technique for t h e  determination of r e s idua l  

s t r e s s e s  i s  t h a t  of X-RQY d i f f r a c t i o n .  The X-Ray method measures spacings 

X-Ray Dif ' f  r a c t i o n  Techniques 

5 



between atom planes i n  a s ing le  gra in  by determining t h e  angular pos i t ion  

at which the  d i f f r ac t ed  X-Ray beam appears on a photographic p l a t e .  Changes 
i n  spacings between atom planes p a r a l l e l  t o  t h e  specimens surface and planes 

inc l ined  at some angle t o  t h e  surface o f  t h e  specimen, can be in t e rp re t ed  by 
changes i n  an&= pos i t i ons  of t h e  corresponding d i f f r a c t e d  beams. 

stress i n  any d i r e c t i o n  on t h e  surface of t h e  specimen can then be r e l a t e d  

t o  t h e  change of t h e  d i f f r a c t i o n  angle of t vo  such measurements by t h e  theory 
of e l a s t i c i t y .  

The 

20 This technique has been used by BarretLg, Stephen , 
Donachieel, and Harvey 23 . 

The X-Ray d i f f r a c t i o n  technique has t h e  considerable advantage of leaving t h e  
t e s t  specimen i n t a c t )  but it i s  q u i t e  c o s t l y  by v i r t u e  of t h e  highly special-  

i zed  equipment required,  and can only be used t c  determine surface s t r e s s e s  

a t  a poin t .  

1.4.3 Optical  Techniques 

Optical  techniques have occasional ly  been used i n  t h e  study of r e s idua l  

s t r e s s e s  i n  c e r t a i n  highly spec ia l ized  app l i ca t ions ,  Since g lass  i s  a b i re -  

f r ingen t  medium, Riney2‘ was able t o  apply p h o t o e l a s t i c i t y  t o  t h e  deter-  

mination of residual s t r e s s e s  i n  e l ec t ron  tubes,  and L e t t l e t ~ n * ~  used It 

t o  study quenching s t r e s s e s  i n  g l a s s .  

p roper t iee  of c e l l u l o s e  ni t ra t ;e  t o  study r e s idua l  stresses i n  p l a s t i c a l l y  
deformed beams and wedges, and worked with t h e  b i r e f r ingen t  proper- 

t i e s  of s i l v e r  ch lo r ide  c r y s t a l s  t o  i n v e s t i g a t e  c rys ta l lographic  inf luences 

on r e s i d u a l  s t r e s s e s .  Lastly,  Letner used an in te r fe rometr ic  technique 

i n  c o n j u t i o n  with t h e  ma te r i a l  removal method t o  determine r e s idua l  s t r e s s e s  

i n  r e c t a n g u l q  b a r s ,  

3is idaZ6 u t i l i z e d  t h e  photo-plast ic  

28 

1.4,4 Ultraaonic  Techniques 

A r e l a t i v e l y  recent  Irmovatlon i n  t h e  a rea  of experimental r e s i d u a l  stress 
determination i s  t h e  u l t r a s o n i c  technique 
residual. s t r e s s e s  can cause changes i n  t h e  v e l o c i t y  and a t tenuat ion  of ultra- 
eonic waves appl ied t o  metal specimens. 

ve loc i ty  of t h e  u l t r a s o n i c  shear wave i s  independent of t h e  d i r ec t ion  of 
p a r t i c l e  motion. If, through the  app l i ca t ion  of s t r e s s ,  t h i s  i sc t ropy  is 

Firestone2’ has fomd t h a t  

If t h e  specimen I s  i s o t r o p i c ,  t h e  



destroyed however) the  v e l o c i t y  i s  found t o  vary with the  d i r ec t ion  of 

p a r t i c l e  motiono 
u l t r a son ic  shear wave would propagate only if t h e  pparticle motion was e i t h e r  
parallel  or rpendicular  t o  the  applied s t r e s s .  This e f f e c t  was seen t o  
induce biref2ingence in meta l l ic  specimens i n  much t h e  same way as v i s i b l e  

golsrized l i g h t  produces biref’ringence i n  c e r t a i n  t ransparent  an iso t ropic  

mater ia l s .  

Under these  conditions,  it was found tha t  a plane polar ized 

Rol l insW has appl ied t h i s  non-destructive technique t o  the study of 
r e s idua l  s t r e s s e s  i n  aluminum and s t e e l  specimens. 

l , 5  Suggested Additional Work 

One of t h e  l i m i t a t i o n s  of the procedure out l ined  i n  th i s  r e p o r t  i s  that 

the  cross-sect ion,  in which the non-linear r e s f d u d  stress d i s t r i b u t i o n  

i s  desired, be rec tangular ,  By making some r ev i s ions  i n  the equations,  

so t h a t  the area and moment of  i n e r t i a  of irregular cross-sect ions could 

be continuously determined, the  Fortran IV program could be rev l sed  t o  

handle any shape o r  c ross -sec t ion ,  

Another l i m i t a t i o n  of t h e  procedure outlined i n  the r epor t  is t he  assumption 

tha t  any layer of mater ia l  gwallel  t o  t he  top and bottom surface of the  

specimen is t he  same as every other  layer, 
this i s  ROL t r u e ,  

I n  sanclwfch type construct ion 

By proper revieion of  s o w  of %he equations,  md t h e  

these revieions i n  t h e  Fortran IV pro 
liminate this l i m i t s t i o n ,  



n-~-, liae C X ~ ~ ~ T ~ ~ ; ~ ~ ~ ; ~ . L  . ~ I - c ~ c ; : ~ u ~ c  i.0:'- iic;;is:*iain!.ng the I.ine;:ic rer;iJ.dunl rtre:.;se;; 

, I ,  1 :  , ? . 1 Y 1, . Yfle liiirponi. o f  

i;:t%a sectlor1 i r ;  to ;itlow the? dcveiopmt:n"cf" the equations f o r  m?Ji!nm stress 

the ~r14*1.~~e:j ~ . i ~ d  the a\rcrfigc s t r e n ~ :  :~h-Lctl cxj.nts in any arbi ' t rar j  I.rryer 

cl1occ.n bc;',~eei-& t)ir; surf ' r ,cea.  An equ9 i ; i~n  -i'or '&hi" average sbress in nriy 

u r , r  so - 1 , h n ~  th i .8  a::;I-ess m q r  br: added. -to t h e  non- l inear  s t ress  l ayer  i s  neccss- 

whi_cIi is detc.rrr.-i.n.r.d. by The :;irqec:&.ia.e cu7;Linea in Yi'iragraph 3* 

2,L J ~ d . ? / i r s l s  'P&velonmci~-"i --- --*-.----- ----" 

II,",qLe 8i;raLr: tiLotribu:-.j.o!l ill -;;he : I - &  ..r * --- eci;ion ~~yhich existed i n  t h e  elemcn'c 

befort .  it wti3 c ~ i ;  jlr(jrn -the s.i;j~ic!-L~i:-f: it; i;nssumeZ 'to be linear as r;'r,own Lr! 

Figc.re 24. Z%ir ;  tis:;~:~;~?-kim i.a ,)us Lil'icci hy 'che fset % ' n a b  as t ress -s t ra in  

curve o b ~ ~ i n e d  frotn il::l_ondi~;i. ~7 teriEi<.ie C O U ~ O ~  i s  a stra1gkl.i; line. Th%s 
. . 

1 8  true even if i;rie c+c;:-,x,r! r,,si~ c?cf'om,:ed plr,s-Lica1.I.y iiurizlg Loading .  A 
> ,  k i n e ' ~  s t r a i n  i];s",z.iL;r:io:: .i 2. aLtlj ar::,y~yi~::; %o exist 5.n t h e  y-dj.rec'cion, 

v..onc : r e  ntte tn ri rr:c.rclr:nt and ~ixi.a'L  LOR^ in both the lTnc s t r a i n  di:ii;ri'i-l;r". i 

x sad y ciLrcct:ons, I + r m  these a t r ~ 2 i r j s ~  x.rhLch are rc l .ensed when -the eLement 

is cu?; 0u.t of - the  a t r . ~ e t , ~ , , r e ~  1% i.s p0:;si'~l.e to f i n d  the stress e.istributlon. 



M i n e  t h e  following t e r n  as: 
= s t r a i n  reading along t h e  x-axis on the outs ide  surface due 

t o  moment p lus  axial load before  the element i s  cu t  from t h e  

s t r u c t u r e .  Pos i t ive  if' i nd ica t ing  a u n i t  l ength  increase 
of t h e  @;we. ( i n . / i n . )  

OsMO 

( e x )  = e t r a i n  which ex i s t ed  on the  outs ide  erurface of t h e  element 
before  c u t t i n g  t h e  element from t h e  s t ruc tu re ,  ( i n e / i n e )  OS4 

Then using the  following subscr ip ts ,  

x, y = along t h e  x and y-axes respec t ive ly .  
OSM = on t h e  ou t s ide  sur face  due t o  moment plus axial  load. 
ISM = on the  i n s i d e  sur face  due t o  moment plus axial. load,  

0, a P before and a f t e r  the  c u t  respec t ive ly ,  
j! = any l a y e r  

n = last  l a y e r  

It fol lows that ,  

Naw l e t  
= s t r a i n  which ex i s t ed  a% the mid-point ( e  x>a 

1CIi-A before  c u t t i n g  t h e  element from the structure due t o  

moment plus axis load (in./in, ) 

From inspection of' Figure I, 

e r  



in a r ~ r  layer due %o the release of 

9 given on oane ? nP R o P a r ~ n e ~  

For t h e  last layer, n ,  N u t i o n  2-7 a d  2-9 be u ~ d d  merely by 

r e p l a c i n g  I with n . 

Tna o u t ~ l i d e  aurface s t r e s ~ e s  m a y  be obkained Prom N u a t i o n s  2-9 and 2-10. 
I 

The i n s i d e  sus face  streaaeo w e  Pomd by ua ing  subaorigt  Lm fnatead of 

OEM i n  N u t i o n s  2-9 and 2-10. 





= s t r a i n  reading along t h e  x-axis before removal of t h e  j t h  

l aye r  of mater ia l .  

increase of t h e  gage. ( i n , / i n .  ) 
Posi t ive  if  ind ica t ing  a u n i t  lengbh 

P s t r a i n  reading along t h e  x-,axis a f t e r  removal of t h e , @ t h  layer  

Pos i t ive  i f  ind ica t ing  a u n i t  length increase of of mater ia l .  
t h e  gage. ( i n . / i n .  ) 

= change i n  s t r a i n  on t h e  top  surface along t h e  x-axis due t o  

Pos i t ive  removal of t h e & t h  layer from t h e  bottom surface.  
i f  u n i t  l eng th  increases .  ( i n , / i n .  ) 

= average s t r e s s  along t h e  x-axis which exis ted i n  t h e L t h  layer 

before  it was removed but  a f t e r  1-1 l aye r s  were removed. 

Pos i t ive  if tension.  ( p s i )  

= average change i n  s t r e s s  along t h e  x-axis i n  the.t?th l aye r  due 

t o  t h e  removal of t h e  mth l aye r .  m<L. Posi t ive  if tension.  

(Ps i  1 

= t o t a l  non-linear r e s idua l  s t r e s s  i n  t h e  n th  layer ,  i.ee9 last  
layer .  ( p s i )  

P t o t a l  non-linear r e s i d u a l  s t r e s s  i n  t h e  lth layer, i . e r p  any 
j.ayer. ( p o i )  

= P o i ~ s o n ' ~  r a t i o  i n  t h e  y d i r ec t ion  due t o  a load in tha  x 

d i r e c t i o n ,  

= Poisson'sr r a t i o  i n  t h e  x d i r e c t i o n  due t o  a load i n  the y 
d i r ec t ion .  

= moment i n  t he  xz plane on the  croes-sect ion of thicknses 
required t o  cause t h e  same change i n  i&rtrain 81 wag4 c@used 

of ma te r i a l ,  Canpressfon i n  top i s  pos i t fvc ,  ( i % l b . )  

1 of t h e  monaent due t o  the  rmoviid of the 



15 



Day br. negl,.cteo. f '  : of 8trcal;eri &lid ,tralnc l u  Ll;o dlrcci:o:.s, 

2nc;udin~ Poiason's m t i o ,  w l i l  be concidersd in the more geniral analysis 

o f  3arc,graph 3 a 3. 

3.2.1. 

Tne value of ( a d  ) . ,  (mx)l, ehom in Figure 3-8 are t h e  moments md axial x 1 
Loade which when applied t o  the bean of thickness t$ viLL CBUGB t h e  same 

ehmge in strein readings on t h e  top surface  aa thone caused by the removal 

of t h e  1st l a y e r .  

1st layer asaur~gd i n  t e n s i ~ n  
before removd 

The concept may best be i l l u s t r a t e d  by an exnxple of a nimrrlatsd % e m  

composed of f o u r  springo as shorn i n  Figure 3-3 

~gringa e t r ~ t c h e d  112 i n .  

cprings coqrea-od 3.12 in .  



a_ = . ~ 4 ' 7  in. 
3 

A = t n e  
""2 





Xt is oblriouljl t h a t  if a moment of 10 x 2 = 20 in.1b. 3 and an axial load 
of 10 lb -e- which i s  the  effect of 6prlng No. 4, i~ applied t o  t h e  beam 
of Figure 3-4, it will bring the elements of t h i s  beam back t o  t h e i r  
original load and deflection ~f Figure 3-3, thus 

20 10 P4 = 3.33 4- 2 - - = 3 
10 
3 p3 = -6'67 - - a -10 

20 10 
2 3  P2 = 3.33 3. - - - 8s 

LO l b s .  

lbna. 

10 l b s .  

The result i e  as shown in Figure 3-50 

RESTORIEjG AXIAL LOAD &ID pil 

10 1bs. 

in. Ibs. 

Mow apply a moment of 20 in. lb. 3 and an axid. Load of 10 lb. --%- to t h e  

simulated bem of Figure 3-5 and t h e  raeult w i l l  be the  sane BB t he  beam 
shown i n  Figure 3-4which has no external moment or axial load applied t o  it. 
Therefore, it has been demonwtrated t h a t  the application of a mmarat of 

and axial. load of 10 lb. -..pp.. which eorrssponds t o  
, to t h e  wedkenedbeam of thiaknssrs ti ~ L b z  C ~ . U ~ B  the sme chmge 

i n  rstrerin saadinge on the top surface a t ho le  eauplea by tha rwo 
which corresponds t o  t he  lant 1 e3p" o f  the actual. b 
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residual s t r c s z e s  i n  a n  actual  beam t o  t h e  Loads i n  t he  spr ings of the 

idealized rr,ring-uem. A study of the  following s teps  w i l l  add c l a r i t y  

t o  t h e  prclcedurt- and analyois deveiopment of Paragraph 3.3.  

Step 1: 

@ut q x i n g  1. 

shown i n  Figure 3-3  are assumed t o  be L i n .  long then t h e  s t r a i n  i n  t h e  
tog spr ing  14 i s  - ._?33 i n .  In a n  actual  beam i n  which t h e  r e s idua l  s t r e s s  
i s  t o  be deternirie3 t h i s  value would be t h e  quan t i ty  r,btained by t h e  

strain gage reading  after removing t h e  f i r s t  s t r i p  minus t h e  reading be- 

fore removing t h e  f i r s t  s t r i p .  Each spr ing will be considered t o  represent  
ti i sq. i n .  ares t h e n  the  modulus of' e l a s t i c i t y  = E = 10/.5 = 20 p s i .  

Yeasure t h e  s t r a i n  i n  t h e  t o p  spr ing  4. If t h e  spr ings 

Step 2 : .  

Tiie measured change i n  s t r a i n  a f t e r  c u t t i n g  spr ing  1 i s  t h e  r e s u l t  of a 

moinent (&x)L and an a x i a l  load, ( L J P ~ ) ~ .  which, because of t h e  removal of 

spr ing I, nave been appi ied t c  t he  rema!.ni.ng t h r e e  spr ings .  Pos i t ive  
w 

(adx), is , arid posi.cive (mx), i s  4. 

Step 3: 
The determination of (&x)i and (AP ) is as follows: x l  

= cnange i n  s t r e s s  i n  spr ing  4 due t o  t h e  removal of spr ing  1. 

= d i s t ance  f rom t h e  center  of t h e  4 th  spring t o  t h e  neu t r a l  
axis of t h e  sec t ion  a f t e r  removal of t h e  1st spr ing.  Pos i t ive  

if t h e  center  o f t h e  4 th  spr ing  i s  below t h e  neu t r a l  a x i s  of 

the Fsection. 

z-- -1 Reference Figure 3-4 



Step 4: 
From the value of (AM ) 
(Sx)l which existed i n  spring i before the cut, thus 

(sxll (1) ( 2 )  = (mXI1 = 20 in, lb. 

found above it is possible to determine the stress x l  

(EQr = 10 psi 

This agrees with t he  original model of Figure 3-3 and completes the analysis 
or spring 1. 

Step 5 :  
Now it i s  necessary to determine t he  change in stresses in springs 

2, 3 and 4 due! to (aMx)l and (APx)l. 

20 1 3 + 1o = 10 + 3.333 = 13.333 psi 
* 2  3 

w i- 10 = 0 f 3.333 3.333 p s i  
fASX )3,z = 2  3 

e = -10 + 3.333 = -6.667.psi 
CAS* ) 4 , L  = 2  3 
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, , , 1 .  ? l l r l  c;-8niig. (3 ; c r e ~ ~  i~ ~ p r i n i ; ~  2. 3 and 1' have been ucterni i icd  

, , 5. I i o w  i : i  .:-5er tr; dcler-o.ini t h e  ori .gina.i  s t r e s a  i n  by)ring 2, it 

j j .  rril:s i.i, done r r a o v i n i -  s p r i n g  2 ,  n o t i n g  t h e  change i n  

i r ,  S o r j  : + ,  a~;d t h e n  r e p e n t i n g  :;ttys I, 2,  3 and 4 as was Bone 

L ;O e x  the or: q i n a i  s L r c s s  e x i s t i n g  i n  s y r l n g  I .  

?:.e a J d i t : o n ~ L  ~ c r a i n  in s p r i n g  due t o  t h e  removal of s p r i n g  2 i s ,  by 

7.s:)e; tier. uT i"igu;r 3 - L  r:oi:al! Ca -7. ) : /20  = - .  1667 i n c h e s  - I n  a n  

o c i , ~ a l  beaii ir, vnieii Cr~e r a s i d u a l  s t r e s a  i s  b e i n g  determined t i i i s  va lue  

v i u l d  he u!e poenti'iy obt i i ined by the s t r a i n  gage reading  bf te r  t h e  removal 

cf t n e  cecir>d ~ : r l p  minus t h e  r e & d i n ~ , b e f o r e  removing t h e  second s ~ r l p .  

= - . ?  i n ,  
Y!; ,2 

- 2 -2 = 2 (.L) (.5)2 = .? i n .  
4 

'2 Y 



sx 12 = 3.33 p s i  

This agrees  with t h e  model of Figure 3-1i and t h e  value ( S x ) 2  i s  t h e  vslue 
of the  stress i n  spr ing  2 detennined from t h e  change i n  s t r a i n  i n  spr ing 
4 which occurred due t o - t h e  c u t t i n g  of spr ing  2.  

Steep 7 : 1  
I n  o rder  t o  determine t h e  t o t a l  o r i g i n a l  stress i n  spr ing  2.  ( S  ) 

:ie=.rssar:i t o  s:ibtruc*t t h c  change i n  s t r e s s  which occurred i n  spr ing  2 due 

, it i s  
*T 

1-- 3.33 - 13.333 r- -10.00 p s i  

T7ni.s agrces .wl th  t h e  original model of Figure 3-3 and completes t h e  ana lys i s  
of spring 2 .  

Step  8 :  
ktcrmf:.e the change i n  stress i n  spr ing  3 and 4 from t h e  c u t t i n g  of spr ing 
2. This i s  simil.nr to Step 5 .  

'l'iiftsc: changes w o u l d  cause t h e  stresses in sprinffs  3 and 11 t o  go t o  zero. 

wn i ctt , t :i I n o p w  t.1o1-1 of F i  gJre 3 - L .  i s  w h a t  would ac tua l ly  happen. 
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*'e? 9; 
Find  ( S  

cu t t ing  spr ing  2 t h e  s t r e s s e s  i n  spr ings 3 and 4 w i l l  go t o  zero.  
fore .  t o  c u t  spr ing  3woula cause no add i t iona l  s t r a i n  i n  spr ing  4. 

by c u t t i n g  spr ing 3. It i s  obvious from s t e p  7 t h a t  a f t e r  x 3  
There- 

Then (AE ) 
being determined t h i s  value would be t h e  quan t i ty  obtained by t h e  s t r a i n  
gage reading a f t e r  t h e  removal of t h e  t h i r d  s t r i p  minus t h e  reading before  
removing t h e  t h i r d  s t r i p .  

= 0. I n  an a c t u a l  beam i n  which the  r e s idua l  stress is  x 4 , 3  

Simiiar  t o  Step 7, t h e  t o t a l  o r i g i n a l  stress i n  spr ing  3, (S ) 

i s  obtained as fol lows:  

, 
3T 

= 0 - 3.333 - 6.67 = -10 psi 

Tnis agrees  with t h e  o r i g i n a l  model of Figure 3-3 and completes t h e  ana lys i s  

of t h e  idea l ized  spr ing  beam. 

3.3 Procedure and Analysis Development 

The fol lowing paragraphs descr ibe t h e  procedure and present  t h e  develop- 
ment of t h e  f i n a l  equations used t o  determine t h e  non-linear r e s idua l  

s t r e s s  d i s t r i b u t i o n  i n  a s t r u c t u r a l  element by t h e  use of two strain gages, 

one t o  measure x-d i rec t ion  s t r a l n s  and one t o  measure y-d i rec t ion  s t r a i n s ,  
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.. 

ia c o n j m c t i o n  w i t h  %he renova.1 of miterial If it i a  more convenient 
Q, single u t r a i n  gage conoisting of two alemenlo at 90' -bo each o lhc r  m y  

be w e d .  

3.3.1 

(ne ) 
'tT I' 
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'.Ibis ctfuses compression i n  t h e  t o p  sur face  i f  ( S  ) 
Y l  

i s  tens ion .  

The cnenge i n  t h e  a x i a l  load along the  x-axis on t h e  cross  sec t ion  of 

tkric;cness t is 1 

This causes tension i n  t h e  top  sur$ace if (S  ) i s  tension.  x l  

SimiLarLy along the y-axis  

T h i s  causes  t e n s i o n  i n  t h e  t o p  sur face  i f  ( S  ) i s  tens ion .  
Y l  

Then using Q u a t i o n  6 given on ?age 3 of Reference 1 

a 
t. t 

(3-9 i 
Similarly 

Subs t i t u t e  Rquations 3-5, 3-6, 3-7 and 3-8 i n t o  Equation 3-9 
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Similarly 

Solve Equation 3-11 and muat ion 3-12 simultaneously by multiplying Equation 
3-12 byBW and add the reeult to Equation 3-11. 



@*Il = - 

And similarly 

(3-14 1 

Tne value of I S x )  may be wr i t t en  immediately by i t s  s i m i l a r i t y  

to (Sx)l and (Sy)l which a r e  given by Equations 3-14 and 3-15: 

and (S ) e Y l  

(SXk = - 

( s )  = -  y e  

L e t  

Then 
c 

! 
tA.2 M (A& ) +p x .L 

(t.  - t.) ( 3 tp-l - t,,) ISXI! = - 
. -1 ,- 

(SY)( = - 

Note t h a t  a f t e r  t h e  removal of each l aye r  it i s  necessary t o  read ( E x $  

and (e ) 
determine ( A 6  ) and (AE ) . Also it i s  necessary t o  measure t i .  

s o  t h a t  these values may be used i n  Equations 3-3 and 3-4 t o  
Y l  

x k !  Y P  
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3.3.2 Determination of Stress  i n  t h e  lth Layer Due t o  the Removal of the 
1st Layer 

(Sx)l and (S  ) 
which existed i n  layer  1 befclre it was removed, but t h e  s t resses  were 

Pound by removi.ng t h e  layer .  

moment of ( L ~ M ~ ) ~  and (AM ) 

on the section whose thickness i s  tl. These changes i n  moment and axid, 
load caused changes i n  the s t resses  i n  the  next layers  which a re  not yet  

removed. (AMx)19 (AM ) (APx)lt and (AP ) can be determined by EQuations 

3-5, 3-6, 3-7, and 3-8. 
layers caused by t he  removal of the  f irst  layer  is found as follows: 
Let 

determined by Equa-tion 3-14 and 3-15 a re  the  average s'cresses Y l  

The removal of t h i s  layer  caused a change i n  
and a change i n  a x i a l  load. of (Dx), and (AP ) 

Y l  Y l  

Y l  Y l  
The change i n  s t r e s s  i n  the  2nd, 3rd, and !th 

= change i n  s t r e s s  In t he  2nd layer  due t o  the  removal. of (Asx)2, 3. 
t he  l e t  layer .  

= change i n  stress i n  the 3rd layer  due t o  the  removal of (Asx)3p 1 
the  1st layer .  

c change i n  strescr i n  the  e t h  layer  aue to t he  removal of 

t h e  1st layer .  

= distance from center of the B t h  layer t o  neutral  a i s  of 

the  section a f t e r  removal of t h e  1st layer. Posit ive if 

center of p t h  layer  i s  below neut ra l  axis of section. 

211, 1 

D m m A T I O N  -4 m 
b = distance t o  neutral. 

axis of section 
a f t e r  removal of 
mth layer  

a = distance t o  center 
of' $ t h  layer 

layers  removed 

28 



By ins-,ection 0:' Figure  3-2 

6 ( to - ") to to  - tl B1 - -. - and C1 = 

Then 



3.3.3 13et.ermination df' S t ress  i n  t h e  i t h  Layer Due t o  the Removal of t h e  
nth Layer 

ChanEes i n  t h e  average res idua l  s t r e s s  i n  the 2nd, 3rd, and Ath layer  due 
to t he  removal of layer No. 1 have been found i n  Paragraph 3.3.2. Now it 

is necessary t o  f i n d  t h e  changes i n  t h e  average residual t i tress i n  t h e  3rd, 
.?ti-., m d  ,&.h layers dxe t o  the removal of l a y e r  2, 3, and subsequent layers 

This is found i n  a manner s i m i l a r  t o  Paragraph 3.3.2 as follows: 
L e t  

IC change i n  s t r e s s  i n  t h e  3rd Layer due t o  t h e  removal. of the (Asx)3, 2 
2nd l aye r .  

(ASx)4,2 s change In stress i n  t he  4th layer due t o  t h e  removal of t h e  

2nd l a y e r .  

(ASx)A,m = change i n  s t r e s s  i n  t h e l t h  layer due t o  the removal of t he  
mth l a y e r .  

Of (asx)3,a' (asx)4,2 and (ASx)a,m may be immediately wr i t ten  by 
their s imi l a r i t y  to Ekpation 3-21 es foilows: 

Define 

m 

Then 
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, ~. ' .  ' ~ L, 9;.. * 2 y r . ,  r-,, *. . 
., -, ,:.,,,.. ,:.(,:; --------- : i t '  t!:? '!'cbtnl. i\;l>n-E,ir?enr St ress  i r ~  Pay Layer 

*. 
. # <  7 i:., i,rit. t x ; s L  -I;rcrc~:e r . e s i d u a l  stress in the x-direction ir, the Is t ,  2nd, 

a ,  ::. i ~ i d  st:. i t : i C r S  D C ~  Ornoted ~y (S ). , ( s ~ ) ,  ( S , )  anu x L, 
.I? "T &I? 

, , t h e n  : . * 'P 

(S ) = ( c  ' 
\.' 2v u,., '2 - (an ) 

y 2 ,  L 



(3-42 

(3-43) 

It is noted t h a t  (S,) are composed completely of changes i n  

stress due t o  the removal of' o the r  layers ,  &tar t h e  n-1 l a y e r  i s  
removed it i s  assumed t h a t  no stress remains i n  t h e  n th  layer, This i s  fn 
accordance with t h e  asoumption tha t  each l a y e r  has a uniform s"cref3~3 a ~ r o s 8  
it'8 sec t ion .  The n%h, last, layer can not have a uniform 5ctress aero88 

i t a  s ec t ion  and remain i n  equilibrium. 

and (S ) 
PlrJ? Y %  

8 .  

b. 

C.  

a. 

B. 

f. 

Cut an element of proper l e w h  and width, referonce P a r a g r q h  6 ,  from 
t h e  s t r u c t u r e  i n  which t h e  non-linear residual otra~lsels arc3 t o  be 

determined. 

Apply a two element s t r a i n  gage t o  one surface, on@ element i n  t h e  

x-d i rec t ion  and one element i n  t h e  y-d i rec t ion .  

Remove 1st l a y e r  from t h e  opposite sur face  and read (Ex)lj (gy)l and 

measure t 
determine t h e  accuracy of t h e  fin&L stress d i s t r i b u t i o n .  

t h a t  t h e  thicknees of a removed layer be equal t o  or less then 1/12 of 

t h e  sec t ion  he ight  for good r e s u l t s .  

t h e  removed layer t h e  more accurate  the results will be. 

The th ickness  of t h e  layers removed i s  arbitrary but it will 1' 
It i s  suggested 

The s d l e r  t h e  thickness  of 

Determine (A& ) and (A6 ) from Equations 3-3 and 3-4 w i t h l d .  x l  Y L  

Determine (Sx)l an$. (S  ) by Equation6 3-18 and 3-19 with ,.!= 1. This 

i s  t h e  average resiCual stress which ex i s t ed  f n  1st l a y e r  before 
Y l  



removal of t h e  firat l a y e r ,  reference FQuations 3-35 and 3-40, 

g .  Remove 2nd Layer and read ( g x ) 2 9  (ey)2 and mea~ure t2. 

h. Determine (Aex)2 and (A6  ) from Equations 3-3,and 3-4 with,& 2. Y 2  

f. Determine (Sx>2 and (S  ) by & m t i o n s  3-18 and 3-19 w i t h R =  2. 
Y 2  

j. Determine (ASx)2,1 and (AS ) 
and m = 1. 

by EQm-Lions 3 - 3 1  and 3-34 w-ithk's 2 Y 271 

k. Determine (S ) and (S ) by Eiquations 3-38 and 3-43 wi th&= 2 and 
2T 'T 

38 = 1. 
before removal of t h e  f irst  and second l aye r .  

This i s  t h e  average r e s idua l  s t r e s s  which existed i n  2nd l aye r  

3' 1. Remove 3rd l aye r  and read (E' ) (dy)3  and measwe t x 3' 

m. Determine (As  ) and (A6 ) by Equations 3-3 and 3-4 w i t h l a  3. x 3  Y 3  

n, Determine (S ) and (S  ) by muat ions 3-18 and 3-19 withA!= 3* 

0. Determlns (AS ) and (AS ) by &y.mtion$ 3-31. and 3-34 w i t h z =  3 and 

x 3  Y 3  

x 3 9 1  Y 391 
m = 1. 

and (AS } by Equations 3 - 3 1  and 3-34 w%thL= 3 
Y 392 

p. k t e r m i n e  (AS ) 
and m = 2. 

x 3'2 

q. Determine (S ) and ( S  ) by Equations 3-38 and 3-43 d t h  &= 3 esnd 
3, y 3, * 4. 

m has progseseive values beginning a% 1 and going t o L - 1  which in t h i s  
case is 2. 

F. Remove add i t iona l  l a y e r s  of material. from t he  specimen until .  o n l y  one 
Layer i s  l e f t .  Af te r  t h e  removal. of each layer reed 

measure t R '  
8 .  Determine successive values  of (A@ ) and (A& ) by Equations 3-3 and x i  JrR 3-4, 
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t. Determine successive values of ( S  ) and (S ) by Equations 3-18 a n d  
x c  YR 3-19. 

u. Determine successive values of (AS ) 
(5sx+9 = 8-17 after t h e  removal of each l aye r  by Equation 3-31. 
Follow similar procedure f o r  changes i n  s t r e s s  i n  y-direct ion by using 

Q u a t  ion 3- 34. 

x R, 1' (ASx),, 2' 3' * ' 

v. Determine successive values of (S, )  and (S  ) by Equations 3-38 and 
2 T  '1 T 

3-43. 

w.  & t e r m h e  t h e  value of (S,), and (S  ) the r e s idua l  stress 
T Y "T' 

i n  t h e  l a s t  l ayer  which ex is ted  before t h e  removal of any l a y e r q b y  
Equations 3-39 and 3-44. 

3 .4 .1  

The s t eps  (a )  through (w) outl ined i n  Paragraph 3.ir are a summary of t h e  

s t eps  require6 to aezcrmine t h e  non-linear s t r e so  d in t r ibu t ion  i n  a 

s t r u c t u r a l  element. However, t h e  only labora to iy  work Involved is i n  obtain- 

Laboratory and Computing Work Involved 

ing  t h e  element from t h e  s t r u c t u r e ,  applying t h e  t w o  s t r a i n  gages, taking 

t h e  s t r a i n  gage readings before and a f t e r  t h e  removal of each l aye r  and 
measuring t h e  th ickness  of t h e  specimen before and a f t e r  t h e  removal of 

each l aye r .  

shown i n  Figure 5 - 1  . From t h e  load sheet IFM cards a r e  punched. 'I?lcse 

cards a r e  placed behind t h e  program desk and f ed  i n t o  a n  IBM 7094 computer. 
The 7094 p r i n t s  8 magnetic tape  which I s  later t r ans fe r r ed  t o  a Stromberg 

Carlson 4020 u n i t  t o  obtain vellum or microfilm ty-pe graphical  output. 

I s  recorded on t h e  load sheet 
Byx 

This data plus Ex, Ey9 plm, 

Either  nay be used t o  produce data as shown i n  Figure 5-2 ox 5-3. 
tabular data may a l s o  be obtained as shown i n  Table 5-2 or  5-4.  

Printed 
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4, TOTAL RESIIXJAL S!t'RESS DISTRIBWION DE41-D BY REMOVAL OF ELEKEKC FROM 
PART BWD REMOVAL OF LAYE2?S FR5M l C L m T  

The l i n e a r  r e s idua l  stress d i s t r i b u t i o n  caused by removal of the  element 
from the  part has been determined i n  Paragraph 2, r e s u l t i n g  i n  Equations 

2-7 and 2-8. 

The non-linear r e s idua l  s t r e s s  d i s t r i b u t i o n  caused by removal of layers  
from t h e  element has been determined i n  Paragraph 3 ,  r e su l t i ng  i n  Equations 

3-35 through 3-44. 
i n  any layer ,  thus  

The f i n a l  s t e p  is  to determine t h e  total res idua l  stress 

Since t h e  l a s t  l ayer ,  designated as l aye r  n, i s  t r e a t e d  as B spec ia l  case 

i n  Paragraph 3 the equations f o r  t h e  last  l aye r  become: 

(4-3) 

(4-4) 
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The program Includes t h e  following automatic operations which are displayed 
on nard copy ( v e l l m )  and/or 35 3% aicrcj:':'Lh: 

a .  A separa te  v e r t i c a l  sca le  i n  p s i  i s  selected f o r  t h e  X and Y-stress 

t o  fit t h e  m a x i m u m  value of r e s idua l  s t r e s s ,  computed f o r  t h e  

p a r t i c u l a r  problem. i n t o  t h e  ava i lab le  v e r t i c a l  space. Horizontal 

g r id  l i n e s  a r e  d r a m  and labeled i n  p s i .  

b. A hc.sizor.t,ai s ca l e  i s  se lec ted  based on t h e  o r i g i n a l  thickness 
of t h e  element and the  ava i lab le  horizontal  space. Ver t ica l  g r id  

Lines a re  drawn and labeled i n  inches. 

e .  A scaled drawing showing t h e  element and each l aye r  removed i s  
pleced hor izonta l ly  under t h e  gr id  p a t t e r n  formed by ( a )  and (b) .  

The s c a l e  is t h e  sane as hor izonta l  g r id  sca le .  The element 
l aye r s  are numbered and t h e  uncut surface i s  labeled f o r  o r i en ta t ion  

purposes. 
e 1 eine n t  . 

A diirension i s  given f o r  t h e  o r i g i n a l  thickness  of t h e  

d. Points a r e  p lo t t ed  showing t h e  computed X and Y-stress a t  horizon- 

t a l  s t a t i o n s  corresponding t o  t h e  mid-point of each l aye r  removed. 

e .  Stra ight  l i n e s  a r e  drawn t o  connect t h e  p l o t t e d  poin ts .  

f .  The page i s  t i t l e d  with "Residual Stress Calculated by Removal of 
Layers from Element" i f  t h e  values of (65,) 

and ( E y )  

zero then t h e  t i t l e  would a l s o  include "Plu8 Residual S t r e s s  due 

t o  Removal or' Element  from Par t .  I t  

, (e,) (Ey) 
OSM ISM 0% 

were zero. If any of these  values were o ther  than 
ISM 

g. The following information w i l l  a l s o  appear on t h e  page i f  it was 
entered on t h e  load shee t .  Name of ind iv idua l  who prepared it. 

t h e  d a t e ,  t h e  s u b t i t l e ,  t h e  case number,p Ex and E . 
Y 

h.  Pager cu t  l i n e s  w e  shown at  the  four corners of t h e  page with 

a note  t o  make t h e  long dimension 11 inches.  

will then be 8-1/2 inches.  

The shor t  dimension 
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%a sample problems are included, 

tabular output  and graphical. d i sp lay ,  

Figure 5-2 f o r  Problem 1 and Tables 5-3 and 5-4 and Figure 5-3 f o r  Peoblern 
2, The data f o r  the sample 2roblems i s  that  obtained f r o m  Specimen 2 

mentioned i n  Pssagraph 7. The same layer removal data is  used f o r  both 

problems. 

(Cy) and (Ly) 

involved. 
7-l/2 inch specimen described i n  Paragraph 7.1, very s l i g h t  s t r a i n s  were 

noted f o r  these values .  These values m e  not  t r u l y  due t o  the release of 

moment and axial  load  but  they  were l i s t e d  as such f o r  Problem 2 i n  order 

t o  show t h e  d i f f e r e n t  type of  output obtained when l i n e a r  s t r a i n s  due t o  
the  r e l ease  of  moment and ax ia l  load a r e  included. 

35 mill imeter f i l m ,  which could be enlarged t o  show the  same data as i n  

Figures 5-2 and 5-3, was obtained as p a r t  of t h e  output.  The microfilm 

i s  not shown i n  t h i s  r e p o r t ,  

Each probiem cons is t s  of a load sheet,  

Reference Tables 5 - 1  and 5-2 and 

I n  Problem 1 no s t ra ins  were l i s ted  f o r  (gX) (6,) 
OSM 16M 

s ince  there w a s  no release of moment and a x i a l  load 
O S M  ISM 

However, when t h e  ends of t he  ba r  were cut  o f f  t o  obta in  the  

I n  each problem a 

5 94 User Ins t ruc t ions  

The fol lotrfng information i s  intended t o  be o f  help t o  those in t e re s t ed  i n  
determining r e s idua l  stresses by the  method out l ined  i n  t h i s  r e p o r t ,  

5 4 ‘1 Specimen 

The method i s  appl icable  only i f  t h e  specimen ( o r  element) which is t o  be 

cu t  f’rom the  s t r u c t u r e  i s  of constant  o r  near ly  constant thickness  and any 

l a y e r  of mater ia l  p a r a l l e l  t o  t he  t o p  and bottom surface i s  t h e  same material 

as every o ther  l a y e r .  The specimen may be round, square o r  rectangular  i n  

planform, and can be s l i g h t l y  curved, as f’rom a s h e l l  o r  cyl inder ,  bu t  the 

minimum dimension should be equal t o  o r  g r e a t e r  than  twice the  thickness  

p lus  t h e  gage length  of t h e  s t r a i n  gage. 

5.4,2 S t r a i n  Gages 

A s t r a i n  gage i s  appl ied t o  one surface i n  the X-direction and another gage 

is  appl ied i n  t h e  Y-direction. Corresponding gages are eLpplied t o  the 

opposite surface. Sui t ab le  dummy gages, appl ied t o  8 piece of  unstressed 
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G R A P H I C A L  DISPLAY FOR S A M P L E  P.ROBLEI\JI 2 

L 

PAGE NCJ. 

CASE NO, 2 

SPECIMEN NOa 2 
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b~1'7ieture a r e  used f o r  t e i r p r a t u r e  compensation. The gages a r e  re&a Def'c;re 

and a f t e r  c u t t i c g  tile element from t h e  s t ruc tu re .  
released strafrns (ex) , 1 , ( 6  ) and ( E  ) a r e  determined by 

FQuationr; 2-1 through 2-4 and entered i n t o  the  load sneez. 

From t h e s e  readings t h e  

OSM ' ISM OSM ' ISM 

'I?.? str9i.r. g c p z  EEY ;hen .-enoved from one sur face  of t h e  snecirnen a n d  

Layern of rnnterinl are  rzmwed from t h i s  side. Tiiclcness of t h e  specimen 
and t h e  strain gage readings are taken before  and a f t e r  t h e  removal of 

each l a y e r .  Tiicse da ta  are entered i n t o  t h e  load shee t .  

5.4.2.1 II_ S t r e i n  GnGe Eenp;th 

It is  mentLoncd i n  Paragraph 6 t h a t  t he  non-linear r e s idua l  stress d i s t r i b u -  
tion var i e s  i n  a specimen from zero a t  t n e  cu t  edges t o  the  t r u e  non-linear 
resiuual stress vaiue a t  a dis tance  equal. t o  t h e  thickness  from t h e  edge. 

It has been proven by t h e  t e s t s  mentioned in Paragraph 7 that t h e  method 
used i n  th i s  report  gives t h e  cor rec t  value of t h e  r e s idua l  stress d i s t r i -  

bution as Long as no p a r t  of t h e  s t r a i n  gage element i s  cLoser t o  t h e  edge 

of t h e  specimen tnan the th ickness  of the  specimen. It t he re fo re  follows 
that whether o r  not t h e  t rw non-linear r e s idua l  stress v a r i e s  along che 1eng;th 

of t he  s t r u c t u r e ,  or  t h e  specimen cu t  from it, t h e  procedure i n  t h i s  repor t  

w i l l  g ive va l id  r e s u l t s  of t h e  r e s i d u a l  stress w i t h  t h e  following l imi t a t ion .  

If t h e  stress d i s t r i b u t i o n  va r i e s  over t h e  gage length  of t h e  s t r a i n  gage 

t h e n  t h e  procedure w i l l  only give t h e  average r e s i d u a l  s t r e s s  over t h e  gage 

ien;f,h e 

I n  view of t h e  foregoing discussion the se l ec t ion  of t h e  most appropriate  
s t r a i n  gage length w i l i  depend on t h e  following considerat ions:  

e. The effect of t h e  s t r a i n  gage on t h e  specimen s ize ,  i . e . ,  specimen 

s i z e  2 2 t p lus  gage length of s t r a i n  gage. 

b. 'Be amount of change i n  residual. stress d i s t r i b u t i o n  expected 

along t h e  Length of t h e  s t ruc tu re ,  i . e . ,  t h e  sho r t e r  t h e  gage 

Length t h e  less averaging w i l l  take place.  

0 

c .  The degree of sk i l l  required t o  i n s t a l l  the  gage, i . e . ,  small 
gages are more d i f f i c u l t  t o  i n s t a l l  than  l a r g e  gages. 
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5.4, j Nodulus of ELas-ticity and Poisson's Hatio - 
i n  t h e  load sheet.  If t h e  material i s  i so t rop ic  xy and pyx Enter Ex? 

then Ex = E and I-1, =p,. 
case6 where three of these  values a r e  known and t h e  o ther  i s  not .  I n  t h i s  

case t h e  following r e l a t i o n s h i p  may be used t o  ca l cu la t e  t h e  unknown value,  

If t h e  ma te r i a l  i s  or thot ropic  t h e r e  may be 
Y 

Reference 1, Page 2. 

5 .4 .4  Load Sheet 

A sample load sheet i s  shown i n  Figure 5-1. Complete i n s t r u c t i o n s  for 

enter ing  t h e  d a t a  and f o r  obta in ing  t h e  des i red  output i s  contained on t h e  

shee t .  Copies of t he  load  sheet may be obtained from e i t h e r  of t h e  authors.  

5 .4 .5  

I f  it i s  des i red  t o  have t h e  output cons i s t  of only tabula ted  values of 
r e s i d u a l  s t r e s s  then, as ind ica ted  i n  Note 4 of t h e  load shee t ,  en t e r  1P = 0 

i n  column 58 of t h e  f i r s t  da t a  card.  

To Obtain Desired Type of Output 

The t a b u l a r  format w i l l  be as shown i n  Table 5-2 i f  t h e r e  a r e  no s t r a i n s  
due t o  t h e  r e l e a s e  of moment and a x i a l  load, i . e e ,  a blank card i s  used 

for t h e  second d a t a  card as ind ica t ed  i n  Note 6 of t h e  data shee t .  If, 
however, values of s t r a i n  are entered i n  t h e  second d a t a  card then  t h e  

t a b u l a r  format w i l l  be as shown i n  Table 5-4. 

L" a curve p l o t  i s  des i r ed  tnen e n t e r  Tor IP, .in column 58 of t h e  f i rs t  

data card, t h e  value shown i n  Note 4 on t h e  load  shee t .  

p l o t  i n  t h e  des i red  form. 

HARD COPY means a r o l l  of vellum 9.4 inches wide with t h e  des i red  curve 

p l o t s  on it. 

i n  t h e  format shown i n  Tables 5-2 and 5-4 may be c a l l e d  for o r  not as ind i -  

cated i n  Note 4 of t h e  load shee t .  

This w i l l  give t h e  

I n  Note 4, 35 MN means 35 milLimeter microfilm. 

Each curve i s  5.8 i n .  by 7.5 i n .  Tabular output ( o f f l i n e  l i s t )  



er,LerLzg i( - 5 Lr, c o i w ~ ~  53 of t n e  second data card, or i t  r; ~ o , ~ i b L e  to 

;:ei, l,9ti; - the tot,t:l pint pii_is d h c  Layef .crernoval d a t a  p l o ~  shown sepmately  

on cne s a x  shee t ,  by e n t e r i n g  K = L i n  column 53 of  t h e  second data ca rd .  

:%is is i nd i ca t ed  i n  Note 7 on the  load  s h e e t .  

5 .  TG 0 b t e i n  Rc~ idua l .  Stress 

Sittuncions n i a y  = i s e  when it Is d e s i r e d  -to o b t a i n  t h e  r e s i d u a l  s t rec;s  near 

t h e  su r fhce  on ly .  T n i ~  could ~ c r i s e  i n  a s tudy  of d i f f e r e n t  types  of' shot  

y e e n i n &  where t h e  r e s i d u d  s t r e s s  d i s t r i b u t i o n  due t o  t h e  shot  peening i s  

h l d h  c l o s e  t o  t h e  surface and very low i n  t h e  r e s t  of t h e  s ec t ion .  I n  t h i s  

s i t u a t i o n  it would be poas ib l e  t o  Tollow t h e  same procedure descr ibed  i n  t h i s  

repor-c but t o  t a k e  o f f  on ly  a few very  t h i n  Layers new t h e  su r f ace  which 

has been shot  peened. The s t r e s s e s  obta ined  w i l l  be  c o r r e c t  on t h e  t h i n  

Zayera rmoved .  The s t r e s s  shown f o r  t h e  remainder of t h e  sec-cion w i l l  be 

a constonc s t r e s s  of a low magnitude. T h i n  cons tan t  low s t r e s s  would not  

be Eiusolucely accu ra t e  but  t h i s  would be of no consequence s i n c e  it ~rou ld  

be t h e  s t r e s s e s  near  t h e  su r f ace  that a r e  of i n t e r e s t  i n  t h e  study. This 

i s  mentioned merely t o  p o i n t  ou t  -chat it i g  no t  necessary t o  remove l ~ y e r s  

through t h e  whole nec t ion  if on ly  t h e  s t r e s s e s  i n  a p a t  of it a r e  of i n t e r e s t .  



5.1 

A nuzber 0: tests were per fomed t o  determine Lhc3 m-lnimurn lengkh t,o thick- 
ness ra:io of a n  element required t o  leave the  residilal  s t r e s s  d i s t r i b u t i o n  

i n  t h a t  element e s s e n t i a l l y  undisturbed. 

were used. 
t e n z i l e  t e s t i n 6  rxaci-Line t o  a s t r a in  of approximately 0.008 i n / i n .  

e f f e c t i v e l y  r e l i e v e s  the b a r  of any i n i L i a 1  res idua l  s t r e s s e s  without caus- 
i n g  ai?y noticeaS3.e changes ir; the  bar ' s  dimensions. The bar  was :-hen placed 

i n  e jig similar t o  the o m  depicted i n  Figure 5-1, and subjected t o  a bend- 
ing mo7ent. of 8,123 Ln-1bs .  This moment, was s u f f i c i e n t  t o  cause consider- 

nLle p l a s t i c  defozica.cion O C  the specimen. Following . t h i s ,  G .  L19 i n .  t h i ck  

photostress mazerial  ( R u d d  Co. Type S)  was bonded t o  the  cent re1  12  inches 
'of the bar, an3 a % r i d  was scribed on the  photoctress .  A 10 inch element 
was cut  fron t h i s  coated area,  and shear  s t r a i n s  were recorded a t  poin ts  

1, 2, 3, 4, 5, 6, 7 ,  ?, 9, 10 and II as shown i n  Figure 6-2* S l i c e s  were 
ther. progressively rexoved from each end of the  specimen, and shear strain 
readings taken af ter  each cut ,  with a Budd Co. SE'/Z-U small f i e l d  r e f l e c t i o n  

polars icape.  

of suck s1icDs xere  removed i s  shown i n  Figure 6-3. 

Two seperate  methods of approach 
Firs ' Jy ,  a 2Olk-% aluminum 'bar 1 x 1/2 x 27 i n .  was st retcked i n  a 

This 

A fringe pa t t e rn  photograph of t he  specimen a f t e r  a number 

The res t i l t ing  data i s  shown p lo t t ed  as a funct ion of the specimens length 

t o  thickness  r a t i o  i n  Figures 6-4 through 6-8. 
havior  of the  shear s t r a i n s  a t  p o i n t s  l, 2, 10, and  ll i s  due t o  the  

appearance of "time-edge" e f f e c t  i n  t he  photos t ress  mater ia l  a This phenomena, 

caused by the  absorbt ion of water vapor i n  t h e  photos t ress  p l a s t i c ,  gives 

rise t o  compressive f r i n g e s ,  When these f r inges  a r e  superllnposeci on those 

caused by strains t r ans fe r r ed  from the  aluminum bar,  l a rge  e r r o r s  i n  s t r a i n  

measurement ensue. This "time-edge" f r inge  i s  c l e m l y  v i s i b l e  i n  Figure 

6-3? as a l i g h t  band on the  top and bottom surfaces  of the  c e n t r a l  sec t ion  

of the ba r .  A d e f i n i t e  trend i s  noted from t h e  data gathered a t  poin ts  3, 
4, 5, 6, 7, 8 a n d  9, however, These data ind ica te  that so long as the 
specimen's 1eng;h i s  a t  least twice i t s  thickness,  t he  s t r a i n  d i s t r i b u t i o n  

at t h e  center  of the specimen remains undisturbed 'by cuts  at e i t h e r  end .  

The apparent ly  unusual be- 
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6.2 Stra in  ~ a ~ : r -  : ~ , t . t .  

A second s e r i e s  of t es t s  ve r i f i ed  t h i s  conclusion. In  tnese  tes t s .  s t r a i n  

gages r a t h e r  then photos t ress  material  were applied t o  an aluminum specimen 
i n  order t o  determine dimensional changes. 
aluminun bar 3 x 1 x 27 i n . .  and was subjected t o  a bending moment of 

115,790 in - lbs  i n  a j i g  similar t o  t h a t  depicted i n  Figure 6-9. 
of t h e  specimen, along with t h e  type  and loca t ion  of' t h e  s t r a i n  gages i s  

sRown i n  Flgure 6-10. 

The specimen was a 2014-TC; 

A drawing 

Biaxia l  s t r a in  gages were then  bonded t o  t h e  t o p  and bottom surfaces  of t h e  
bar. Two of t hese  were loca ted  on t h e  specimens center  l i n e ,  and two were 
displaced a d is tance  of l-l/2 inches from t h e  center  l i n e .  
element w a s  removed from t h e  specimen and, fol lowing a procedure very similar 
t o  t h a t  used i n  t h e  photos t ress  tests,  s l i c e s  were progressively removed 
from each end of t h e  element. A l l  s t r a i n  gages were read fol lowing t h e  

removal of each slice. A photo of t h e  specimen taken during t h e  s l ice  removal 

process i s  s h a m  i n  Figure 6-11. The data obtained from t h e  center  l i n e  gages 

(which was t y p i c a l  of t h e  o f f s e t  gages) i s  presented i n  Figures  6-12 and 6-13. 
A s  can be seen, t hese  r e s u l t s  were e s s e n t i a l l y  i d e n t i c a l  with thoee obtained 

from t h e  photos t ress  t es t s  i . e . ,  a specimen length  t o  th ickness  r a t l o  of 2 

i s  s u f f i c i e n t  t o  in su re  t h a t  t h e  s t r a i n  d i s t r i b u t i o n  est t h e  specimens center  

l i n e  remains unchanged by s l ice  removal, 

An e ight  inch 
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',, to ijt Lcr.-jiae t i ic, .vrl].id j;~,i a , : c 4 i 1  :i": <>?"d<'>- 

i "  . 'fr,e ~.x:)er,i men-i; r, 

. - - :  J I . .  C P O S ~ ;  see ' t l on  -i;.h l.ch hr;d 'oc?~.:~ 
. ., * l.r:s tLcai,:; def'o-'- i . , , ~ a .  - The complete yrogrunl i s  descr ibed i n  d e t a i l  111 t h e  

>, . " 
A c , ~ a w i n ~  ra rngrapLs .  

- .  
7. i ~ ; ~ p f ~ r ~ . r ~ i c f i ~ c ~ L  ' I 3 ~ ~ ~ c ~ ~ ~ ~ r e  -a- 

t ; ~ .  , ?.<. . .+ * 9 , _ i ; i . l r - ~ &  /,.- e l ' . sc inzq  ul.loy bars i x 3 x 27'-l_/;i :.n, were s-tre'cched 'iinim- 

ii,!.i.:+- i n  ;I -;t.-i;i.le t e s t i n g  ~;iachine to a s t r a i n  of ~ ~ ~ 0 8  i n i i c ,  YRLS 

:;.:,rain wax suf:'ic l e n t  t o  cause y i e l d i n g  without any s i g n i f  i c m t  p e r ~ a n e n t  

chnni<t.:u f r, the l j n r s  c r o s s  s e c t i c n o l  areas ,  Since t h e  s t r e s s - & r u i n  curve 

Q: r:'jj.ia-Te, ::l:o::n re?.a.i;iireQl 5; ; t l .e  stra:n hardening j..n i.t s p l a s z i c  range .  

I. ,,:-.Ls :irscedt;,re relieved ihe bars of any extraneous residu.al s t r e s s e s .  

s .  ti +;;.re<: ;.i;cfi ce:itr-n'i s e c t i o n  w 9 E  then c u t  rrom one of tile bars (specilr.en 1) 

arid ar;e 4 ' ~ c e  wes ,:c)ai;c.i: pi:ot;os-cress material . .  T"i7le '% x 3 x 1 i.n. sec t ion  

wti:; tiieil c;li.cc.l uitir; a DcPd.1 jafiil sa>r and t h e  s l i c e s  inspec ted .  Pie  phsto-  

s-,iess eoatini:: i cd i ca t ed  t h a t  ncj r e s i d u a l  s t r e s s e s  were introduced due t o  

t::e sauiz,: - .  onera-Lion ( s e e  F i ~ ~ r e  ' I -1) .  The two remaining 'oars, Specimen 2 
- ,  

t?&:a :;, vpre Lj.en sc r ibed  with l ayou t  Lines t o  f a c i i i t s t e  t h e  ?lacement of 

*:. L,,e s t r u i , r :  gr:ges, a;ici a c t  ~s guides f o r  the su'osequen"c1icing of tke 

, - 7- ,A ,?. , ,> , i:nens. 'Die ba rs  y e r e  ther ,  sub,jec-tcd t o  a unif'om bending momer?t. 

s.u?;;ie:cnt c2.2:;e p.;-ristic c ieform~t ion .  The loading arrangement used 

ber;e t h e  b a r s  . is d e ~ i c l ; e d  i n  F igure  6-13. A moment of L57,OOCi i n .  3. -dzs 

appiieci kc spec inen  2 and 11+6,500 i n / l b s  t o  specimen 3.  

rrii e j$':er tr,e 'onrs were b e n t ,  ve re  i n s t r u m e ~ t e d  wl,th s t r a l n  gages. 

4 . ~ ~ -  bJ : : ~ ' b  - tiri(i L(;cI:?;~,c:~s the gage:;, a.lcng w i t h  -per.~;i-nent speclrnen dirriensi~ns 

are shc.i.ifi is Figlrr.cs 7-2 aild 7-3. ~ii~topr;'iph~ of ~ k l e  instru1:i~:nted specinens 

shown i n  Fii;urer, 7-4 and 7-5 2'he t x o  b a r s  d i f f e r e d  as .Lo t.ke fiWrti;er 

~ - 
cr,d I.ocusicjn:: c:f tbei;' i.ongitudi.n:iL sr,rfiiri gages,  arid t h e  gd::jrni%uce or" Lhe 
\ " 
"(? ,,_i,i;tn;- - - :;:c;rfier;i,:; 50 wi,:J.ch t i i ~ ry  1.7e:'e ~ i : l i , ~ e z t ~ c i .  b ~ t  were ideri-i.i.caL i n  81.1 

r * ' > < .  -, . & * -  - 
A L L 3 i , , L 8 .  L ~ '  . 



SPECIMEN 1 BEFORE A N D  AFTER SAWING WITH DOALL BARD SAW 
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After  instnunenting, a c e n t r a l  sect ion,  7-1/2 inches long, was removed from 

each bar. 

7-1/2 i n .  specimens were then s l i c e d  along t h e  layout l inen  which were now 

a r c s  of a c i r c l e .  Twelve s l i c e s  were taken from specimen 2 and s ix teen  from 

3. Photographs of t h e  s l i c e d  specimens a r e  shown i n  Figures 7-6 and 7-7. 
m e  Large amount of s t r a i n  r e l i e f  experienced by each s l i c e  is c l e a r l y  evident 

in these  photographs. 
slice, each s t ra in  gage was read w i t h  a Budd Co., &del  P-350, portable  s t r a i n  
ind ica tor  and t h e  da ta  recorded. A t y p i c a l  normalized da ta  sheet i s  shown 

in Table 7-1. 

Tsking care  not t o  damage t h e  s t r a i n  gage leads, these  1 x 3 x 

After t h e  i n i t i a l  7-1/2 i n .  cut,  and a f t e r  each 

7.2 Results 

A s  can be seen from Table 7-1, t h e  removal of t h e  7-1/2 

ca l led  out as end cut  Mo. 1 and 2, had negl ig ib le  e f f e c t  on t h e  s t r a i n  gage 
readings.  A r e s idua l  s t r e s s  p r o f i l e  i n  t h e  longi tudina l  ( X )  d i r ec t ion  vas 

conetructed by multiplying t h e  released s t r a i n  i n  each ind iv idua l  s l i c e  by 
the e l a s t i c  modulus of t he  material, This stress was assumed t o  a c t  a t  t h e  

center  of each s l i c e .  The s t r e s s e s  i n  t h e  Y and Z d i r ec t ions  were assumed 

negl ig ib ly  small, and subsequent data  ve r i f i ed  t h i s  hypothesis. A second 

r e s idua l  s t r e s s  p r o f i l e  was obtained using da ta  from the  specimens topmost 
strain gage i n  conjunction wi th  t h e  computer program. The r e s u l t a n t  s t r e s s  
p r o f i l e s  f o r  both specimens a r e  depicted i n  Figures 7-8 and 7-9. 
be r ead i ly  seen, co r re l a t ion  between t h e  two i s  exce l len t .  

in, c e n t r a l  sec t ion ,  

As can 
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5~,; ~!~T,::EE;: COpb:\jT'lR P R O C R A W  AND INDIVIDUAL 
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CORRELATION BETWEEN COMPUTER PROGRAM AND INDIVIDUAL 
STRAIN GAGE DATA, SPECIMEN 3 
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